We propose to describe the process pp → D 0 D 0 in a perturbative QCD motivated framework where a double-handbag hard process udūd →cc factorizes from transition distribution amplitudes, which are quasiforward hadronic matrix elements of Ψ q Ψ q Ψ c operators, where q denotes light quarks and c denotes the heavy quark. We advocate that the charm-quark mass acts as the large scale allowing this factorization.
I. INTRODUCTION
The collinear factorization framework allows us to calculate a number of hard exclusive amplitudes in terms of perturbatively calculable coefficient functions and nonperturbative hadronic matrix elements of light-cone operators. The prime example is the calculation of the deeply virtual Compton-scattering amplitude in the handbag approximation with generalized parton distributions, nonforward matrix elements of a quark-antiquark nonlocal operator Ψ(z)Ψ(0) between an incoming and an outgoing baryon state. Strictly speaking, this description is only valid in a restricted kinematical region, called the generalized Bjorken scaling region, for a few specific reactions, and in the leading-twist approximation. It is, however, suggestive to extend this framework to the description of other reactions where the presence of a hard scale seems to justify the factorization of a short-distance dominated partonic subprocess from long-distance hadronic matrix elements. Such an extension has, in particular, been proposed in Ref. [1] for the reaction pp → Λ cΛc with nucleon to charmed baryon generalized parton distributions. The extension of the collinear factorization framework to the backward region of deeply virtual Compton-scattering and deep exclusive meson production [2, 3] leads to the definition of transition distribution amplitudes (TDAs) as nonforward matrix elements of a three-quark nonlocal operator Ψ(z)Ψ(y)Ψ(0)
between an incoming and an outgoing state carrying a different baryon number. Here, too, this description is likely to be valid in a restricted kinematical region, for a few specific reactions, and in the leading twist approximation. We propose here to extend the approach of Ref. [1] to the reaction pp → D 0 D 0 which will be measured with the PANDA [4] detector at GSI-FAIR. For this process the baryon number exchanged in the t-channel implies that hadronic matrix elements with Ψ(z)Ψ(y)Ψ(0) operators enter the game. Let us stress that we have no proof of the validity of this approximation but take it as an assumption to be confronted with experimental data. For this approach to be testable, one needs to model the occurring nucleon to charmed meson TDAs.
In contrast to the N → π TDAs, which have been much discussed [5] , we do not have any soft meson limit to normalize these TDAs. We will rather use an overlap representation in the spirit of Ref. [6] . 
II. HADRON KINEMATICS
The kinematical situation for pp → D 0 D 0 scattering is sketched in Fig. 1 . The momenta and helicities of the incoming proton and antiproton are denoted by p, µ and q, ν and the momenta of the outgoing D 0 and D 0 by p ′ and q ′ , respectively. The mass of the proton is denoted by m and that of the D 0 by M. We choose a symmetric center-of-momentum system (CMS) in which the longitudinal direction is defined by the average momentum of the incoming proton and the outgoing D 0 , respectively. The transverse momentum transfer is symmetrically shared between the incoming and outgoing hadrons.
In light-cone coordinates the hadronic momenta are parameterized as follows,
where we have introduced sums and differences of the hadron momenta,
The minus momentum components can be obtained by using the on-mass shell conditions
The skewness parameter ξ gives the relative momentum transfer in the plus direction, i.e.,
The Mandelstam variable s is given by
In order to produce a D 0 D 0 pair, s must be larger than 4M 2 . The remaining Mandelstam variables, t and u, read
and
so that s + t + u = 2M 2 + 2m 2 . For later convenience we also introduce the abbreviations
For further relations between the kinematical quantities, see Appendix A.
III. DOUBLE HANDBAG MECHANISM
The double handbag mechanism which we use to describe pp → D 0 D 0 is shown in Fig. 2 .
It is understood that the proton emits an S[ud] diquark with momentum k 1 and the antiproton a
The handbag contribution to the process pp → D 0 D 0 . The momenta and helicities of the baryons and quarks are specified. [7] . We thus expect that our final estimate of the D 0 D 0 cross section will not be drastically altered by the inclusion of vector-diquark contributions and we stick to the simpler scalar diquark model.
The whole hadronic four-momentum transfer ∆ is also exchanged between the active partons in the partonic subprocess
In Eq. (8) we neglect the mass of the S[ud] (anti)diquark, but take into account the heavy (anti-) charm-quark mass m c . In order to produce the heavycc pair, the Mandelstam variableŝ of the partonic subprocess has to beŝ
where 4m 2 c ≈ 6.5 GeV 2 . We have taken the (central) value for the charm-quark mass from the Particle Data Group [8] , which gives m c = 1.275 ± 0.025 GeV. Thus, the heavy-quark mass m c is a natural intrinsic hard scale which demands that the intermediate gluon has to be highly virtual.
This allows us to treat the partonic subprocess perturbatively, even at small −t, by evaluating the corresponding Feynman diagram. All the other non-active partons inside the parent hadrons are unaffected by the hard scattering and thus act as spectators.
For the double handbag mechanism the hadronic pp → D 0 D 0 amplitude can be written as
where the assignment of momenta, helicities, etc., can be seen in Fig. 2 
, of the active partons. We note once more that the full hadronic momentum transfer is also transferred between the active partons, i.e. 
In Eq. (11 
which can be interpreted in a way analogous to Eq. (11) . The pp → D 0 D 0 amplitude (10) is thus a convolution of a hard scattering kernel with hadronic matrix elements Fourier transformed with respect to the average momentak 1 andk 2 of the active partons.
For the active partons we can now introduce the momentum fractions
For later convenience we also introduce the average fraction
which is related to x 1 and x ′ 1 by
respectively.
As for the processes in Refs. [1, 9] , due to the large intrinsic scale given by the heavy quark mass m c , the transverse and minus (plus) components of the active (anti)parton momenta in the hard scattering kernelH are small as compared to their plus (minus) components. Thus, the parton momenta can be replaced by vectors lying in the scattering plane formed by the parent hadron momenta. For this assertion one only has to make the physically plausible assumptions that the momenta are almost on mass-shell and that their intrinsic transverse components [divided by the respective momentum fractions (15) ] are smaller than a typical hadronic scale of the order of 1 GeV. We thus make the following replacements:
As a consequence of these replacements it is then possible to explicitly perform the integrations
Furthermore, the relative distance between the (anti-)S[ud]-diquark and the (anti-)c-quark field operators in the hadronic matrix elements is forced to be lightlike, i.e., they have to lie on the light cone and thus the time ordering of the field operators can be dropped.
After these simplifications one arrives at the following expression for the pp → D 0 D 0 amplitude:
From now on we will omit the color and spinor labels whenever this does not lead to ambiguities and replace the field-operator argumentsz 1 andz 2 by their non-vanishing components z − 1 and z + 2 , respectively. Furthermore, if one usesk
integrations in the amplitude (17) as integrations over the longitudinal momentum fractionsx 1 andx 2 , respectively, one arrives at,
As in Ref. [1] for
expected to exhibit a pronounced peak with respect to the momentum fraction. The position of the peak is approximately at
From Eq. (9) one then infers that the relevant average momentum fractionsx 1 andx 2 have to be larger than the skewness ξ. This means that the convolution integrals in Eq. (18) have to be performed only from ξ to 1 and not from 0 to 1.
In the following section we will analyze the soft hadronic matrix elements in some more detail.
IV. HADRONIC TRANSITION MATRIX ELEMENTS
Compared to Eq. (10) 
over the p → D 0 transition matrix element and the integral
over thep → D 0 transition matrix element instead of Eqs. (11) and (12), respectively.
We will first concentrate on the p → D 0 transition (20) and investigate the product of field
For this purpose we consider the c−quark field operator Ψ c in the hadron frame of the outgoing D 0 , cf. e.g., Refs. [10, 11] , where the D 0 has no transverse momentum component. It can be reached from our symmetric CMS by a transverse boost [12, 13] with the boost parameters
In this hadron-out frame we write the field operator in terms of its "good" and "bad" light cone components,
by means of the good and bad projection operators
After doing that we eliminate the γ − appearing in P + and P − by using thec−quark energy
In the hadron-out frame it explicitely takes on the form
since there thec−quark momentum iŝ
With those replacements the c−quark field operator becomes
As in the case of pp → Λ
, one can argue that the contribution coming from v(k
dominates over the one in the square brackets, and thus the latter one can be neglected. Since this dominant contribution can be considered as a plus component of a fourvector, one can immediately boost back to our symmetric CMS where it then still holds that
Furthermore, one can even show that in v(k
Finally, we note that such manipulations are not necessary for the scalar field operator
Putting everything together gives for the p → D 0 transition matrix element (20)
Proceeding in an analogous way for thep → D 0 transition matrix element, where the role of the + and − components are interchanged, we get for Eq. (21)
Also here only the good components of the quark field are projected out on the right-hand side.
Using now Eqs. (30) and (31) and attaching the spinors v (k
to the hard subprocess amplitudeH by introducing
we get for the pp
Introducing the abbreviations
for the pertinent projections of the hadronic transition matrix elements, we can write the hadronic scattering amplitude in a more compact form:
In the following section we will derive a representation for the hadronic p → D 0 andp → D 
The spinors u + and v + are the good components of the (anti)quark spinors u and v, i.e., u + = P 
which are normalized as follows:
In the case of S[ud] states no λ (′) and no δ λ ′ , λ appear. This normalization is in accordance with the (anti)commutation relations
In the Fock state decomposition hadrons on the light front are replaced by a superposition of parton states. Taking only into account the valence Fock state, the proton and the D 0 state in our quark-diquark picture are represented as
respectively, with normalization
Also here, in the case of the pseudoscalar D 0 and D 0 states no λ (′) and no δ λ ′ , λ appear. ψ p and ψ D are the LCWFs of the proton and the D 0 , respectively, which will be specified in Sec. VII.
The LCWFs do not depend on the total momentum of the hadron, but only on the momentum coordinates of the partons relative to the hadron momentum. Those relative momenta are most easily identified in the hadron frame of the parent hadron. Here we have assumed that the partons inside the proton and the D 0 have zero orbital angular momentum. The arguments of the LCWFs are related to the average momenta and momentum fractions by:
Using the expressions above we can write the hadronic matrix elements appearing in Eq. (33) as
for the p → D 0 transition and
for thep → D 0 transition. Here we have used that
Collecting all pieces we finally get
Furthermore, we can take advantage of the expected shape of the p → D 0 (p → D 0 ) transition matrix elements. Due to their pronounced peak around x 0 only kinematical regions in the hard scattering amplitude close to the peak position are enhanced by the hadronic transition matrix elements. For the hard partonic subprocess we, therefore, apply a "peaking approximation", i.e., we replace the momentum fractions appearing in the hard-scattering amplitude by x 0 . Then the hard scattering amplitude can be pulled out of the convolution integral and the pp → D 0 D 0 amplitude simplifies further to
where the term in square bracket can be considered as a sort of generalized form factor.
VI. HARD SCATTERING SUBPROCESS
Before we start to specify the LCWFs occuring in this overlap representation of the p → D 0 (p → D 0 ) transition, we will first calculate scattering amplitudes of the hard partonic
S[ud] S[ud]
→cc subprocess within the peaking approximation. The hard-scattering amplitudes for the hard partonic subprocess, as shown in Fig. 3 , is given by
4/9 is the color factor which we have attached to the hard-scattering amplitude. g s = √ 4πα s is the "usual" strong coupling constant and F s denotes the diquark form factor at the gluon-diquark vertex. This diquark form factor takes care of the composite nature of the S[ud] diquark and the fact that for large s the diquark should dissolve into quarks. We have taken the phenomenological form factor from Ref. [14] , namely,
It is just the analytic continuation of a spacelike form factor to the timelike region. The original spacelike form factor was introduced in Ref. [15] (where it has been obtained from fits to the structure functions of deep inelastic lepton-hadron scattering, to the electromagnetic proton form factor and elastic proton-proton data at large momentum transfer). It should be remarked here that such a continuation is not unique; the form factor can acquire unknown phases when doing the continuation. But, fortunately, such phases are irrelevant with respect to the physics, which is the reason for taking the absolute value in (57).
With the help of the peaking approximation we can express the subprocess amplitudes in terms of the kinematical variables of the full process. For the different helicity combinations we explicitely have,
VII. MODELLING THE HADRONIC TRANSITION MATRIX ELEMENTS
In order to make numerical predictions we have to specify the LCWFs for the proton and the D 0 . We will use wave functions of the form
which can be traced back to a harmonic oscillator ansatz [16] that is transformed to the light cone [17] . In Ref. [18] it was adapted to the case of baryons within a quark-diquark picture. According to Refs. [1, 19] we write the wave functions of a proton in an S[ud]u Fock state as
and the one of a pseudoscalar D 0 meson in a uc Fock state as
Here x is the momentum fraction of the active constituent, the S[ud] diquark or thec quark, respectively. The mass exponential in Eq. (61) generates the expected pronounced peak at x ≈ x 0 and is a slightly modified version of the one given in Ref. [18] .
In each of the wave functions, Eqs. (60) and (61) 
respectively. Inserting the wave functions (60) and (61) into Eqs. (62) and (63), we obtain
where we have introduced the abbreviation
For the proton we use the same parameters as in Refs. [1, 19] . We choose a p = 1.1GeV −1 for the oscillator parameter and P p = 0.5 for the valence Fock state probability. Choosing P p = 0.5
for the proton may appear rather large at first sight. As a bound state of two quarks a diquark embodies also gluons and sea quarks and thus effectively incorporates also higher Fock states.
Therefore, a larger probability than one would expect for a 3-quark valence Fock state and a larger transverse size of the quark-diquark state appear plausible. Choosing the parameter values as stated above we get for the proton
For the D meson we fix the two parameters such that we get certain values for the valence Fock state probability P D and the decay constant f D . The decay constant f D is defined by the relation
Taking the plus component and inserting the fields as given in Sec. V, we get (omitting phases)
such that
As value for the decay constant we take the experimental value f D = 206 MeV from Ref. [8] ;
for the valence Fock state probability we choose P D = 0.9. This amounts to a D = 0.864GeV
As values for the normalization constant and for the root mean square of the intrinsic transverse momentum of the active quark we then get
Let us now turn to the issue of the error assesment with respect to the parameters. We now turn to the wave function overlap as derived in Sec. V. When taking the model wave functions (60) and (61) we explicitely get In Fig. 4 we show the wave function overlap of Eq. (72) versus the momentum fractionx with the parameters chosen as stated above. First we observe that it is centered atx ≈ x 0 for vanishing CMS scattering angle. Next, let us compare the upper and the lower panel. We see that the magnitude of the wave function overlap is strongly decreasing with increasing CMS scattering angle θ.
The wave function overlap is also more pronounced in magnitude and shape in forward direction.
Furthermore, when comparing the overlap for different values of Mandelstam s, we observe that in the more important forward scattering hemisphere the overlap is increasing in magnitude with increasing CMS energy s, whereas at large scattering angles this behavior is reversed.
VIII. CROSS SECTIONS
The differential cross section for pp
where we have introduced
In Fig In Fig. 6 we show the integrated cross section σ versus Mandelstam s. It is of the order of nb, which is of the same order of magnitude as the integrated cross section for pp → Λ
Ref. [1] . This finding is in accordance with the diquark-model calculation of Ref. [19] . According to Ref. [19] larger cross sections are to be expected for the pp → D + D − reaction. This, however, requires to extend our handbag approach by including vector diquarks and will be the topic of future investigations. Our estimated cross section is about one order of magnitude smaller than the predictions given in Refs. [20, 21] , where hadronic interaction models have been used. Whereas data which allow to decipher between different dynamical models. Such experiments could also help to pin down the charm-quark content of the proton sea. A considerably higher cross section within our approach could only be explained if the charm-quark content of the proton sea was not negligible.
IX. SUMMARY
We have described the exclusive process pp → D 0 D 0 by means of a double handbag mechanism. This means that the process was assumed to factorize into a hard subprocess on the constituent level, which can be treated by means of perturbative QCD, and into soft hadronic matrix elements describing the nonperturbative p → D 0 and p → D 0 transitions. The intrinsic hard scale, justifying this approach, is given by the mass of the c quark.
In order to produce the D 0 D 0 pair via pp annihilation a uu and a dd pair has to be annihilated on the constituent level and a cc pair must be created. We have adopted the simplifying assumption Note that
In order to find expressions for the sine and the cosine of the CMS scattering angle θ, we write the absolute value of the three-momentum and the momentum component into z direction of the incoming proton as |p| = √ s plus component can be written as
Note that in our symmetric CMSq − =p + . For the skewness parameter ξ we get
Note that, as a consequence of the unequal-mass kinematics, ξ cannot become zero, which is different from, e.g., Compton scattering where ξ would be equal to zero in such a symmetric frame. For p 
It cannot become zero for forward scattering but acquires the value
and for backward scattering
It is furthermore convenient to introduce a "reduced" Mandelstam variable t ′ that vanishes for forward scattering,
Also the transverse component of ∆ can easily be written as a function of the sine and the cosine of the scattering angle θ using Eqs. (A6) and (A7),
or solving Eq. (A13) for ∆ 2 ⊥ one finds
If we define Mandelstam u for forward scattering in an analogous way
the sine and the cosine of half the CMS scattering angle θ can be written compactly as
respectively. 
after making the replacement k 
We further have Hc 
p (q, ν)
